Energy transfer was used as a spectroscopic ruler to deduce proximity relationships within bovine rhodopsin in digitonin solution. Rhodopsin was specifically labeled with fluorescent chromophores at three sites. Site A was alkylated by fluorescent derivatives of iodoacetamide. Site B was labeled by fluorescent disulfides, 4by a disulfide-sulfhydryl interchange reaction. Sites A and B are sulfhydryl residues. Acridine derivatives were tightly bound to site C by noncovalent interactions. The labeled rhodopsins retained their 500-nm absorption band and were regenerable after bleaching, suggesting that the fluorescent probes did not grossly perturb the conformation of the protein. A fluorescent chromophore at one of these sites served as the energy donor, while 11-cis retinal was the energy acceptor. The efficiency of singlet-singlet energy transfer was determined from the quantum yield and excited-state lifetime of the donor in the presence and absence of the acceptor. By F;;rster's theory, the apparent distances between 11-cis retinal and sites A, B, and C were calculated to be 75, 55, and 48 A, respectively. Energy transfer measurements on rhodopsin labeled at two of these sites gave these apparent distances: 35 A for A to B, 32 A for A to C, and 30 AL for B to C.
These energy transfer studies suggest that the rhodopsin molecule has a length of at least 75 A. Thus, the rhodopsin molecule appears to be sufficiently long to traverse the disc membrane. Rhodopsin might act as a light-controlled gate.
Rhodopsin, a photoreceptor protein, is an integral part of the disc membranes of vertebrate retinal rod cells (1) . The insolubility of rhodopsin in aqueous media has posed difficulties in the purification and characterization of this protein. Indeed, even the molecular weight of rhodopsin is uncertain.
Estimates for bovine rhodopsin have ranged from 27,000 to 40,000 (2). Furthermore, little is known about the shape of the molecule or about its interactions with other constituents of the disc membrane.
We report here fluorescence studies that provide information about the shape of the rhodopsin molecule and have implications concerning its role in visual excitation. The basis of this experimental approach is that energy transfer can be used as a spectroscopic ruler to estimate distances between specific sites on a macromolecule (3, 4) . In F6rster's theory of dipole-dipole energy transfer (5), the transfer efficiency E is related to the distance r between the donor and acceptor by rue6 E = r~^+R [1] rR t+ Roaf6
Ro, the distance (in X) at which the transfer efficiency is 50%, is given by Ro = (JK2Qon-4)'/6 (9.79 X 108) 12] where K2 is the orientation factor for dipole-dipole transfer, Qo is the quantum yield of the donor in the absence of transfer, and n is the refractive index of the medium. J, the spectral overlap integral (in cmM-1), is given by -fF(X)e(X)X4dX fF(X)dX [3] where F(X) is the fluorescence intensity of the donor at wavelength X and e(X) is the extinction coefficient of the energy acceptor at that wavelength. Forster's theory has been tested in well-defined model systems, where it has been shown that the transfer rate is in fact proportional to rue and J (4, 6, 7).
Singlet-singlet energy transfer has recently been used to deduce distances in various biological macromolecules (8).
We have specifically labeled rhodopsin with fluorescent energy donors at three distinct sites. The donors were chosen so that their fluorescence emission spectra overlapped the 500-nm absorption band of 11-cis retinal, the energy acceptor. The transfer efficiency was determined from measurements of the quantum yield and excited-state lifetime of the fluorescent donor in the presence and absence of acceptor. The energy acceptor was erased by bleaching rhodopsin. The distances obtained from these transfer efficiencies reveal that the rhodopsin molecule has an elongated shape, and suggest that it might traverse the disc membrane and act as a lightcontrolled gate.
METHODS AND MATERIALS
Rod outer segments, rhodopsin in digitonin solution, and opsin were prepared as described (9). Three kinds of fluorescent labeling reagents were used ( Fig. 1 molar ratio of label to rhodopsin ranged from 10 to 40 for labels 1, 2, and S. For labels 6 and 7, this ratio was 2. The reaction mixture was incubated for 1-2 hr at room temperature. The labeled rod outer segments were washed 5 times with buffer and then extracted with a 2% digitonin solution. The fluorescent-labeled rhodopsin in digitonin solution was purified by passage through a Sephadex G-25 column containing 0.067 M sodium phosphate buffer (pH 6.5). The fluorescence properties of rhodopsin labeled with these reagents in situ in the disc membrane appeared to be the same as that of rhodopsin labeled in digitonin solution. In contrast, 4 and 5 labeled rhodopsin only in digitonin solution. The pH of the buffer was 8.0, and the molar ratio of label to rhodopsin was 10. After incubation for 1-2 hr at room temperature, the mixture was passed through a Sephadex G-25 column equilibrated with pH 6.5 buffer. Fluorescence emission spectra were measured on a recording spectrofluorimeter (12) , and corrected for the variation with wavelength in the sensitivity of the detection system. Quantum yields were determined with 1-anilinonaphthalene-8-sulfonate in ethanol as a standard of quantum yield 0.37 (12) . Peak absorbances were less than 0.05 to obviate inner-filter effects. There was no detectable bleaching of the rhodopsin in the course of the absorption or fluorescence measurements. Nanosecond emission kinetics were measured with a singlephoton counting apparatus (13). Excited-state lifetimes (which took into account the finite duration of the light pulse) were reproducible to within 0.1 nsec. Corning glass filters and interference filters were used to select appropriate excitation and emission wavelengths. All spectral measurements were performed at 22 -+ 10.
RESULTS

Fluorescent labeling of rhodopsin
The stoichiometry of labeling indicated that the probes were located at specific sites, designated A, B, and C. The ratio of fluorescent probe to 11-cis retinal in the labeled rhodopsins was 0.8 for site A, 0.98 for site B, and 1.1 for site C. Prolonged incubation (2-3 days) at 40 with a large excess (more than 40-fold) of fluorescent reagent did not significantly alter the stoichiometry of attachment of labels 1 through 5. However, binding at additional sites was observed when a more than 10-fold excess of 6 and 7 was added to rhodopsin.
Sodium dodecyl sulfate-acrylamide gel electrophoresis (14) showed that the fluorescent labels at sites A and B were covalently attached to rhodopsin, whereas the binding of probes to site C was not covalent, as anticipated. However, rhodopsin has high affinity for 6 and 7. These fluorescent probes remained bound to rhodopsin after extensive washing of labeled rod outer segments, and also after gel filtration of a digitonin solution of labeled rhodopsin.
Sites A and B are sulfhydryl residues. Amino-acid analysis of an acid hydrolysate of rhodopsin labeled at site A yielded 0.89 residue of S-carboxymethylcysteine per retinal. A 5,5'-dithio-bis-(2-nitrobenzoic acid) titration (15) of a digitonin solution of rhodopsin at pH 8.0 in the dark showed one reactive' sulfhydryl residue per retinal. Rhodopsin labeled at site A gave nearly the same value, whereas rhodopsin labeled at site B had less than 0.1'sulfhydryl residue available for reaction with this reagent. Thus, the sulfhydryl at site A is not titratable with dithio-bis-(nitrobenzoate), in contrast to the one at site B. These sulfhydryls also differ in that intact disc membranes did not react with this sulfhydryl reagent and could not be labeled at site B, but could be labeled at site A.
The insertion of fluorescent probes did not appear to grossly alter the conformation of rhodopsin. The 500-nm absorption band of the native protein was preserved in the labeled rhodopsins, which also were regenerable after bleaching.
Energy transfer from sites A, B, and C to 11-cis retinal
The fluorescent probes at the three sites are suitable energy donors to 11-ci8 retinal because their emission spectra overlap the intense 500-nm absorption band of rhodopsin, as shown in Fig. 2 for label 1. After bleaching, there is no energy transfer because the spectral overlap is negligible (Fig. 2) . The transfer efficiency E was determined from measurements of the quantum yield (Q) and the excited-state lifetime (r) of the energy donor in the presence and absence of the 11-ci8 retinal energy acceptor [i.e., in the dark (d) and after bleaching (b), respectively]:
[4] E = 1 -(rd/Tb) [5] The emission spectrum of 1 attached to rhodopsin is given in Fig. 3 . The fluorescence -intensity increased on bleaching, showing that there was energy transfer from 1 to 11-cia retinal. Also, there was a single excited-state lifetime, which increased from 19.4 nsec (Fig. 4) emission spectrum of each of the energy donors was the same before and after bleaching (Fig. 3) . Furthermore, nanosecond emission anisotropy measurements showed that the rotational motions of the energy donor were unaffected by bleaching (Wu and Stryer, to be published).
The quantum yield and excited-state lifetime data for energy donors 1 through 7 before and after bleaching are given in Table 1 during the excited-state lifetime, K2 = 2/3. We define Ro' as the calculated distance at which the transfer efficiency is 50%, using the experimentally observed values of J and Qo and assuming that n = 1.4 and K2 = 2/3. An apparent distance r' can then be calculated from Ro' and the observed transfer efficiency. rl = Rot (E1 -1)1/6
[6] Apparent distances were calculated in this way (Table 1) . Different probes at the same site yielded apparent distances that agreed closely. When the values obtained from different probes at the same site were averaged, the apparent distances between sites A, B, and C and 11-cis retinal are 75, 55, and 48 A, respectively. Apparent distances between sites A, B, and C were determined from a single transfer efficiency for each pair of sites ( (Fig. 5) . The width of the disc membrane is known from electron microscopy (16) to be about 75 A. Thus, rhodopsin appears to be sufficiently long to traverse the disc membrane if it is suitably oriented.
The elongated shape of rhodopsin may be critical for its role in visual excitation. A plausible hypothesis is that rhodopsin acts as a light-controlled gate. If rhodopsin traversed the disc membrane, it could readily serve as a channel for the efflux of ions or transmitter molecules from the intradisc (Fig. 5) .
Energy transfer studies of rhodopsin in intact disc membranes are in progress. The distance between site A and 11-cis retinal is nearly the same in the intact membrane as in digitonin solution. Thus, rhodopsin probably has an elongated shape in its biological environment, as well as in digitonin solution.
